We present an optofluidic device for switching light from multiple inputs to one common output. The device uses a microfluidic channel filled with high index of refraction oil as a waveguide, and moves low refractive index interruptions in the form of aqueous droplets through the channel. Whenever a droplet passes one of the optical inputs, this specific input is switched through to the output. This produces a running switching of one output following the other creating a 8x1 multiplexer.
Introduction
Today, optical sensing is one of the most versatile, flexible and accurate physical measurement methods known. Examples of such systems are found in biology and medicine, with fluorescent measurements of cell interiors [1] , high throughput DNA-sequencing, flow cytometry [2] and cancer cell detection [3] . In material-sciences optical methods are for example applied for thin film analysis and they can be found in process monitoring as well as chemical analysis [4] .
Compared to electrical circuits, optical setups unfortunatly have one disadvantage: When high performance is needed, they are often large, unwieldy, precision manufactured mechnanical assemblies, with need for damped low vibration tables, filtered air, climate control, and precise adjustment.
Industrial environments, for example chemical plants, would benefit from a more widespread use of the aforementioned sensing methods, which are until now prohibited by the environmental conditions in such a plant.
Additionally, taking measurements at different points in such a plant would need multiple setups which can result in a large increase of costs.
Integrated optics and micro-opto-electro-mechanicalsystems (MOEMS) are one way to solve the issues described above. Optical integration repeats the path that electronics took 50 years ago, away from huge setups, to rugged and cheap single chip solutions.
Since some optical setups are currently unintegratable, we chose a different path, similar to a development that took place in Lab-on-Chip (LoC) Technology. While the final goal in LoC is to integrate a complete analytical lab on a single chip, today the research is more focussed towards a "Chip in a Lab", enhancing exisiting analytical methods, and using technological advantages to drive applications forward.
In our case optical and optofludical chips are combined with traditional optical setups, creating a hybrid system with the advantages of both technologies.
Industrial Environment Optical Laboratory
Running Droplet Optical Multiplexer
Optical Our running droplet optical multiplexer presented here is a possible interface between the integrated and non-integrated optical world. In the scenario of a chemical plant as in Fig. 1 , optical signals can be collected from various points of interest, such as chemical reactors, exhausts or storage facilities, via optical fibers, and joined together in one optical laboratory. To connect all of the incoming signals to the expensive measurement apparatus, an optical switch or multiplexer is needed.
Traditionally, light can be switched by flipping or turning mirrors manually or with the help of solenoids. In the last years, a large amount of different optical switches have been investigated and developed. MEMS-based switches, which are integrated versions of the mechanical mirror light switches, present the most mature technology today. Our device, displayed in Fig. 2 uses liquids of different optical properties to manipulate -i.e. switch -light subsequentially from multiple inputs to one common output. It is based on our "Optofluidic Multiplexing and Switching Device" [5] , but with reversed mode of operation -combining 8 inputs into one single output instead of one input into two outputs, with refined optical design and an improved microfluidic structure. It is composed of a high refractive index liquid core waveguide, and a lower refractive index movable interruption in form of a liquid droplet as seen in Fig. 3 . By excerting positive or negative pressure on the liquid inlet, the droplet can be moved through the channel, passing one optical input after the other, switching them seperately to the output.
Liquids as optical elements can change their shape, refractive index, and position to manipulate light according to the needs of the device. With traditional solid materials, this is, apart from exceptions impossible.
Theory
An optical waveguide is composed of a medium of higher index of refraction, embedded in a low refractive index environment. It confines the light striking the boundary between the two materials at an angle greater than the critical angle by total internal reflection according to Snell's law.
In a liquid core waveguide, the core, i.e. the light confining medium, is composed of a high refractive index liquid, surrounded by the channel walls, which have to be of lower index of refraction.
Since most aqueous liquids have low refractive indices compared to most polymers and glasses, only special combinations confine the light in a liquid core waveguide. In our device, this material system is immersion oil (n = 1.52) and Polydimethylsiloxane (PDMS) (n = 1.43) as channel material.
To understand the principle behind the switchable waveguide, we have to distinguish two cases and apply Snells law
to both situations as shown in Fig. 4 . First, the bare channel, without a droplet in front of the optical input will be discussed. When the collimated light beam hits the front-surface of the channel, it is refracted according to Snells law:
If we choose our input fiber placement to 15 ∘ relative to the channel -which equals to 75 ∘ relative to the normal -the light will not be guided. When entering the waveguide, it will be refracted to 65.3 ∘ according to Eq. 2 which is lower than the critical angle Θc, which can be determined as:
Next we look at the case where a lower refractive index (n=1.43) droplet is present. An optical break is present at the position of the droplet in the waveguide, enabling the light to penetrate the waveguide and enter the high index liquid from the side. The entrance angle relative to the normal will consequently now be 15 ∘ and our liquid will be refracted accoring to Eq. 2 to 14.0 ∘ in the oil.
When it strikes the back side of the waveguide, its angle of incidence will now be Θ =90 ∘ −14.0 ∘ =76 ∘ , which exceed the critical angle. Total internal reflection, and with it wave guidance, will take place. The light the follows the waveguide towards the end of the channel, where it hits another perpendicular wall and exits the channel. To confirm this theoretical approach for our specific design, the geometry used was simulated with the nonsequential ray-tracer of Radiant ZEMAX, and the propagation of the light for different droplet positions was analyzed. The results are displayed in Fig. 5 . Visible are the input fibers on the right side, angled at 15 ∘ , the corrosponding air-lenses, the channel filled with high index oil and the droplet, here approximated in rectangular form. This simulation confirms the analytical approach. In Fig. 5a ) no input is currently connected to the output, since the droplet is not in front of any input. As it moves down the channel, the first input is connected to the output, first partially (5b) and then fully (5c). The same is repeated for input number two (5d). Finally, as the droplet leaves both inputs, they are not connected to the output anymore.
To determine how sensitive the device will react to changes in incidence angles or refractive indices, calculations based on Snells law were made. For a working device two conditions -as described above -have to be fullfilled: No total internal reflection should occur when no droplet is present, and the light must be reflected when a droplet is present.
The results of those calculations, as seen in Fig. 6 , show that an angle error through misalignment or imperfect collimation of the light beam up to 6
∘ is acceptable without disturbing the funcionality of the device. A maximum increase of the refractive index ratio n cladding /ncore of 3% is acceptable as well. The expected tolerances of the real device fall well within those limits, as distances and angles in the system are defined through photo-lithography with sub-micrometer resolution and the change of refractive index through temperature can generally be observed in the ppm range. 
Design of Optofluidic Chip
The mask design used to fabricate the optofluidic device is shown in Fig. 7 together with annotations explaining the different features.
The device consists of a main channel (1), acting as the liquid waveguide, connected to the liquid outlet (2) on one side, and the droplet generation area on the other side. Both are placed at a 90 ∘ angle, as not to interfere with the optical path. Droplets [6] are created with the help of a T-Junction (3) [7] , with the continuous phase coming from the top (4), and the aqueous phase from the side inlet (5). Continuous flow into both inlets produces aqueous droplets inside of the oil through surface tension. A simulation of the droplet creation, done with Comsol Multiphysics 4.4 can be seen in Fig. 8 . The introduction of this T-Junction simplifies handling of the device compared to a creation through a single inlet as used in previous experiments. Air lenses (7) are placed in front of the fiber inlets to collimate the light before coupling into the main waveguide (1), and to focus the light again into the output fiber (8) .
Additionally, an air mirror (9), also working through total internal reflection is placed next to the end of the main channel (1), to direct the light towards the output.
This mirror is needed, since the light can exit the waveguide directed towards the output fiber, as well as directed towards the opposite site. The air-mirror reflects the light traveling away from the output back towards the output.
Fabrication of Optofluidic Chip
The device is fabricated with a microfluidic PDMS-on-SU-8 based imprint lithographic technology [8] as seen in Fig. 9 and described below.
A mold with a height of h = 100 µm is fabricated on a silicon wafer in SU-8 3000 (Micro-Chem) by photolithography. 100 µm of SU-8 3050 are spun onto the wafer in two steps with 3000 rpm, soft-baked at 95°C for 45 minutes and subsequently exposed with a negative mask as described in 3.1.
The following post-bake at 65°C for 1 min and 95°C for 5 min cross-link the photo-initiated reaction and prepare the photo-resist for developing as described in the datasheet [9] of the resist. After 20 minutes of development the mold is finished. A release agent, BGL-GZ-83 by Profactor, is now applied to the mold to ease demolding of the PDMS. Dow Corning Sylgard 184 PDMS is mixed with its curing agent in a 10:1 ratio, defining the refractive index in the devices fully cured bulk material to n = 1.43 [10] .
An approximately 5 mm thick layer is degassed and cured on top the mold at 95°C for one hour, forming the optofluidic device. After release of the chips, they are diced, fluidic in-and outlets are punched and the chips are bonded by plasma activation to a second, blank PDMS layer and then a glass microscope slide for stabilization.
Liquids
Low viscosity (η = 30 -60 mPas, Sigma-Aldrich) microscopy immersion oil is used for the continuous phase, high refractive index (n = 1.52) waveguide liquid.
The immiscible disperse phase is composed of an aqueous CaCl 2 solution. It is prepared by solution of Calciumchloride-dihydrate (Sigma-Aldrich) in deinonized (DI)-water to a concentration of 65% w/w, resulting in a refractive index [11] of n =1.43 matching the refractive index of PDMS. The refractive index of the liquids is confirmed with a handheld refractometer (PAL-RI by Atago).
Connections and Setup
Liquid inlets are connected to Hamilton 1000 series glass syringes, 1 ml for the disperse phase, and 2 ml for the high index oil. The continuous phase syringe is actuated by a precision syringe-pump (KD-Scientific). The disperse phase syringe can be either hand actuated or driven by a second syringe-pump.
Optical connections to the device are made with 124 µm coating, 110 µm cladding, and 100 µm core diameter step index multimode optical fiber (UM22-100,Thorlabs). Since the fibers outer diameter is slightly larger than the devices channel-height, the fibers will be hold in place by the flexible PDMS around it.
The output fiber is connected to an amplified photodiode (PDA36A-EC,Thorlabs) and the input fibers to different sources such as a blue (λ = 485 nm), and a green (λ = 532 nm) fiber-coupled laser diode. The connections are schematically displayed in Fig. 10. 
Measurements
To prove the practical functionality of the device, and evaluate its performance, it was connected as descirbed in section 3.4. The completed setup is shown in Fig. 11 for additional clarification. The laser light sources were turned on and let to warm up, to reach stable operating conditions. The channel was primed with oil, and a constant oil flow with a flow rate of 5 µl/min was established. The flowrate was set as slow as possible, as to observe all phases of the movement correctly and to confirm the theoretical expectations.
The droplet length, which is controllable through the flowrates of the liquids has to be at least 1.2 mm. This minimum can be calculated by trigonometry from the size of the light beam hitting the channel, as in Fig. 12 or through ray-tracing simulation. Since the light will only be coupled into the waveguide at the beginning of the droplet, longer droplets do not influence the path of the light. Hence there is no maximum droplet length.
A single droplet of about 5 mm length adheres to those conditions and was then created. The creation of the droplet was observed under a microscope.
Alternatively a string of droplets can be created by a 250 nl, 150 µl/min pulse with a second syringe pump. The signal from the photodiode was recorded through a Tectronix DSO-X 2014A Oscilloscope. Amplification of the photodiode was set to 70 dB. The droplet creating T-Junction not only increases the ease of setup and use of our device, but eliminates stray droplets that were a problem before.
Conclusion
We have shown the design and the experimental performance of new (8x1) running droplet optical multiplexer driven by a movable droplet in a microfluidic channel. The experiments show that with this device the signal form different inputs can be detected by the output, depending on the position of the droplet. An improved microfluidic structure with a T-Junction for droplet generation simplified handling and provided more control. The simulation and theoretical calculations further prove the feasibily and provide an incentive for further research.
